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Seven crystalline molecular complexes were formed between perfumes such as guaiacol, 2-methylindole, and skatole
and cationic surfactants such as hexadecyl-, tetradecyl-, dodecyl-, and decyltrimethylammonium bromide from an aqueous
or methanol solution at low temperatures (< 10 °C). The crystal structures were determined by X-rays. The structures
are very similar to each other, that is, the perfume molecules are packed in the layers of the alkyl chains of the surfactant
molecules. Those packings are substantially the same as the common packing pattern observed in complexes between
the surfactants and the aromatic compounds. The thermal analysis showed that the volatilization temperatures of the
perfumes increased significantly when the perfumes are packed in the complex crystals. Moreover, the molar loss ratio of
the perfume with increasing the temperature decreased with increasing the length of the alkyl chain of the surfactant. This
suggests that thermal stability of the perfumes can be controlled by forming the complexes with the surfactants containing

different alkyl chains.

The ionic surfactants such as quaternary ammonium salts
form spherical micelles in aqueous solutions at concentra-
tions above a critical micelle concentration (cmc).! If some
aromatic compounds are added in the aqueous solution con-
taining the surfactant, they are solubilized and the solu-
tion shows high viscoelasticity.>* Some gigantic micelles
were observed by electron microscopy.> From the solu-
tion containing a cationic surfactant such as hexadecyl-,
tetradecyl-, dodecyl-, or decyltrimethyl-ammonium bromide
(abbreviated as CTAB, MTAB, LTAB, and DTAB, respec-
tively) and several aromatic substances such as various phe-
nolic derivatives or basic substances, a variety of crystalline
molecular complexes were obtained at low temperatures.”™"!
The crystal structure analysis by X-ray diffraction indicated
that the packing patterns of the surfactant and aromatic
molecules in the crystals are very similar to each other; this
is called a “common packing pattern”.'* This suggested that
unstable drug molecules may be packed and stabilized by
the surfactant molecules to form crystalline molecular com-
plexes. In the previous paper, the crystal structures of three
molecular complexes between the drug molecules such as
1-(2,4,6-trihydroxyphenyl)-1-propanone (flopropione) or 4-
chloro-m-cresol and the surfactants such as CTAB or MTAB
were analyzed by X-rays. The common packing pattern
observed in the three crystals well explained the results of
the thermal analyses that the drug molecule in the molecular
complex is more stable thermally than that in the pure form."

Recently we intended to form molecular complexes be-
tween the cationic surfactants and the perfumes to delay
volatilization of the perfumes. After many trials, it was

formed that the perfumes such as 2-Methylindole, Skatole,
and Guaiacol formed crystalline molecular complexes with
the cationic surfactants such as CTAB, MTAB, LTAB, and
DTAB. The crystals suitable for X-ray analysis were ob-
tained for the seven complexes between 2-methylindole and
CTAB, MTAB, and LTAB, (I, II, and III, respectively), and
between skatole and CTAB, MTAB, and LTAB, (IV, V, and
VI, respectively), and between CTAB and guaiacol, (VII).
This paper reports the structures of the seven crystals ana-
lyzed by X-rays and the enhanced thermal stability.

Experimental

Preparation of the Complex Crystals.  Cationic surfactants
of CTAB, MTAB, and LTAB were crystallized from methanol-ace-
tone solutions and then recrystallized from aqueous solutions. The
perfumes of 2-methylindole and skatole were purchased from Tokyo
Kasei Co., Ltd. and were purified by a conventional recrystalliza-
tion. The structural formulae of the surfactants and perfumes are
shown in the Scheme 1. The perfume of 2-methylindole or skatole
and the cationic surfactant, CTAB, MTAB or LTAB were dissolved
in a methanol solution in a molar ratio of 1:1. The solution was
kept in a refrigerator at lower than 10 °C. Plate-like crystals I—VI
suitable for X-ray studies were obtained after a week. The complex
crystals between Guaiacol and CTAB were obtained from an aque-
ous solubilized solution. The complex crystals of DTAB with the
above perfumes and those of guaiacol with the cationic surfactants
other than CTAB suitable for X-ray studies have not been obtained
yet.

Crystal Structure Analysis. The crystal data and experimen-
tal details are summarized in Table 1. The crystal was mounted
on the SMART-CCD diffractometer using Mo Ko radiation. The
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n=15 hexadecyltrimethylammonium bromide

CHs(CHz)..T"*CH:; Br’

n=13 tetradecyltrimethylammonium bromide
n=11 dodecyltrimethylammonium bromide

CH; n=9 decyltrimethylammonium bromide
H
OCH; CH,
N CH
H ? 5
guaiacol

2-methylindole

skatole

Scheme 1. Surfactant and perfume molecules.

temperature was cooled down to —50 °C with the cold nitrogen-
gas-flow method. The structure was solved by the direct method
with the program SIR-92,'* and was refined by the full-matrix least-
squares method with the program SHELX97."® The data collection
and refinement methods were nearly the same for the seven crystals.
All the crystals have the same space group, P2;, and the structures
are isostructural to each other. Since the molar ratio of the sur-
factant and the perfume is 2: 1 in each crystal, the a axis length
should be doubled. This means the unit cell has four surfactants
and two perfumes in each crystal. Since the reflections with # = odd
in the double cell have no significant intensities, a half cell along

a)

the a axis was taken. This means the crystal structure is an aver-
age between the two structures distributed at random along the a
axis. In the refinements of all the crystals, the perfume molecules
are disordered in the columns composed of the alkyl chains of the
surfactant molecules and the bromide anions, although the surfac-
tant molecules are ordered. The disordered perfume molecules
were refined with the isotropic temperature factors and the ordered
surfactant molecules were refined with the anisotropic temperature
factors. Moreover, the C—C bonds and C—C—C angles of aromatic
rings were constrained to 1.39 A and 120 °, respectively. The C-O
bond of guaiacol was constrained to 1.362 A. The exocyclic C—-CHj

csinf

b)

Fig. 1.
double cell along the a axis.

Crystal structures of CTAB/2-methylindole (I) viewed along; a) the g axis and b) the b axis. The dotted line indicates the
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bond of 2-methylindole and skatole was constrained to 1.506 A. The
positions of the hydrogen atom were calculated and fixed in the re-
finement. Atomic scattering factors were taken from International
Tables for Crystallography.'® The weighting scheme applied to all
the crystals is 1/[0>(F2)+(aP)*+bP] where P = (F,” +2F.*)/3. The
CIF data for the seven crystals are deposited as Document No.
73020 at the Office of the Editor of Bull. Chem. Soc. Jpn. Crystal-
lographic data have been deposited at the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK and copies can be obtained on request,
free of charge, by quoting the publication citation and the deposition
numbers 140730-140736.

Thermal Stability of the Complexes. Themogravimetry
was carried out with a Rigaku TG8120 under nitrogen-gas-flowing
condition at the heating rate of 10 °Cmin™" in 25—160 °C range.

Results and Discussion

Crystal and Molecular Structure of CTAB/2-Methyl-
indole (I).  The crystal structures viewed along the a and b
axes are shown in Fig. 1. Since the molar ratio of CTAB and
2-methylindole is 2 : 1, the a axis should be twice as shown
in dotted line. In the double cell, there are two 2-methyl-
indole molecules, which occupy two of the four molecular
sites. This means the 2-methylindole molecules occupy al-
ternately but at random along the a axis. Since there are
rather loose contacts between the 2-methylindole molecules
along the a axis, the 2-methylindole molecule takes four dis-
ordered structures (A, B, C, and D), the occupancy factors
of which are 0.37, 0.23, 0.12, and 0.28 for A, B, C, and D,
respectively. Only the A molecule is shown in Fig. 1. The
molecular structures of CTAB and 2-methylindole A with
the numbering of the atoms are shown in Fig. 2. The alkyl
group of the surfactant takes an all-trans conformation. The
N--H group of 2-methylindole makes a hydrogen bond with
the bromide anion, N2A---Brl, 3.39(1) A.

The aromatic ring of 2-methylindole is sandwiched by
the alkyl chains of CTAB, which is similar to the “common
packing pattern” as observed in the complex crystals between
CTAB and aromatic compounds. Slightly short contacts are
observed between the alkyl group of CTAB and the ring car-
bons of 2-methylindole, which may be C-H- - -& interactions
as suggested by Sawada.'” Similar packing patterns were ob-
served in the other six complex crystals I—VII, since all the
complex crystals are isostructural.

Crystal and Molecular Structures of MTA B/2-Methyl-
indole (II) and LTAB/2-Methylindole (IIT).  The crystal
structures of I and Il viewed along the b axis are shown in
Figs. 3(a) and 3(b), respectively. The molecular structures

showing 50% thermal ellipsoids and the atomic number-
ing. Only the major orientation A of 2-methylindole is
shown.

Complex Formation of Perfume with Surfactant

O

Fig. 3. Crystal structures of; a) MTAB/2-methylindole (II)
and b) LTAB/2-methylindole (IMI) viewed along the b
axis.

of I and II with the numbering of the atoms are shown in
Figs. 4(a) and 4(b), respectively. The structures are substan-
tially the same as that of I except for the differences in length
of the alkyl chains of the surfactant molecules. The 2-meth-
ylindole molecule in I is disordered with two orientations A
and B. The occupancy factors converged to 0.62 and 0.38 for
A and B, respectively. On the other hand, the 2-methylindole
molecule in III is disordered with four orientations (A, B, C,
and D). The occupancy factors are 0.53, 0.12, 0.18, and 0.17
for A, B, C, and D, respectively. Only the A molecules of
II and IIT are drawn in Figs. 3 and 4. The N-H group of
2-methylindole in IT or Il makes a hydrogen bond with the
bromide anion. The distances of N2A.--Brl for I and III
are 3.52(2) and 3.49(6) A, respectively.

Crystal and Molecular Structures of CTAB/Skatole
(IV), MTAB/Skatole (V), and LTAB/Skatole (VI). The
crystal structure of IV viewed along the b axis is shown in
Fig. 5. The crystal structures of V and VI are very similar to
that of I'V except that the alkyl chains of V and VI are shorter
than that of IV. The molecular structures of IV, V, and VI
with the numbering of the atoms are shown in Fig. 6. In the
three crystals, the alkyl groups of the surfactant molecules
take an all-trans conformation. The skatole molecules take
disordered structures in the columns surrounded by the sur-
factant molecules in all three crystals. The skatole molecule
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Fig. 4. Molecular structures of; a) MTAB/2-methylindole
() and b) LTAB/2-methylindole (IH) showing 50% ther-
mal ellipsoids and the atomic numbering.

Fig. 5.

Crystal structure of CTAB/skatole (IV) viewed along
the b axis.

in IV has three orientations (A, B, and C), whereas those in
V and VI have five and four orientations. The occupancy
factors are 0.35, 0.25, 0.32, and 0.08 for A, B, C, and D
of IV, 0.34, 0.30, 0.14, 0.14, and 0.09 for A, B, C, D, and
E of V, and 0.42, 0.22, 0.22, and 0.14 for A, B, C, and D
of VL. In each crystal, the N-H group of skatole makes a
hydrogen bond with the bromide anion. The distances of
N2A.--Brl are 3.30(2), 3.32(2), 3.45(28) A for IV, V, and
VI, respectively.

Crystal and Molecular Structure of CTAB/Guaiacol
(VI). The crystal structure is nearly the same as those of I
and IV except that guaiacol occupies the disordered positions
in the column surrounded by surfactant molecules instead of
2-methylindole or skatole. The molecular structure with the
numbering of the atoms is shown in Fig. 7. The disordered
guaiacol molecule has four orientations (A, B, C, and D).

C1s

QS Brl

C23A

Fig. 6. Molecular structures of; a) CTAB/skatole (IV),
b) MTAB/skatole (V), and ¢) LTAB/skatole (VI) show-
ing 50% thermal ellipsoids and the atomic numbering.

c18
Ny €l C7 o C9
CI9, o
c17 C26A
S Xc2sa
024 )
< C20A
@
B C23AcHA C2ia
Fig. 7. Molecular structures of CTAB/guaiacol (VII) show-

ing 50% thermal ellipsoids and the atomic numbering.

The occupancy factors of A, B, C, and D are 0.31, 0.24, 0.21,
and 0.24, respectively. The O-H group of guaiacol makes
a hydrogen bond with the bromide anion. The distance of
O2A---Brl is 3.02(2) A.

Thermal Stability of the Complex Crystals. The
thermogravimetry of 2-methylindole and the three molec-
ular complex crystals between 2-methylindole and CTAB,
MTAB, and LTAB are shown in Fig. 8. Although the
volatilization of 2-methylindole begins at about 70 °C not
only in pure crystal but also in the complex crystals, the
volatilization rate of the pure crystal is significantly greater
than that of the complex crystals. Moreover, as the length of
the alkyl chain increases, the rate of volatilization decreases.

Figure 9 shows the ratio of molar loss of skatole with in-
creasing temperature for the pure crystal and the four molec-
ular complexes with CTAB, MTAB, LTAB, and DTAB. The
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Fig. 8. Molar loss of 2-methylindole with temperature in
the complex crystals with CTAB (-[J-), MTAB (-A-), and
LTAB (-x-) compared with the pure crystal of 2-methylin-
dole (-O-).
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Molar loss of Skatole(%)
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Fig. 9. Molar loss of skatole with temperature in the complex
crystals with CTAB (-0-), MTAB (-A-), LTAB (-O-),
and DTAB (-x-) compared with the pure crystal of skatole
(-O-).

volatilization of skatole begins at about 70 °C but the rate of
volatilization of skatole in pure crystal is significantly greater
than those in the complex crystals. Moreover, the rates of
volatilization of skatole are significantly greater than the cor-
responding ones of 2-methylindole, although the volatiliza-

Complex Formation of Perfume with Surfactant

Table 2.  The van der Waals Energies (Vj;) for the Complex
Crystals Using the Lennard—Jones Potential

V/kJ mol ™
CTAB/2-Methylindole —4.155
MTAB/2-Methylindole —3.265
LTAB/2-Methylindole —2.429
CTAB/Skatole —3.858
MTAB/Skatole —3.041
LTAB/Skatole —2.215

tion of skatole begins at nearly the same temperature as that
of 2-methylindole. The above results indicate that the per-
fumes are more stable in the molecular complexes than in
pure crystal and that the stability depends on the alkyl chain
lengths of the surfactants.

In order to explain the stability on the basis of the crys-
tal structure, the van der Waals energy for each molecular
complex was calculated using the Lennard-Jones potential.'®
Only the C---C interactions less than 5 A between the neigh-
boring alkyl groups were taken into account in the first ap-
proximation, since the positions of the hydrogen atoms of the
alkyl group were obtained geometrically from the positions
of the carbon atoms. Moreover, the electrostatic energy may
be approximately the same, since the ammonium cation and
bromide anion occupy nearly the same position in each crys-
tal. Table 2 shows the van der Waals energies for the com-
plex crystals between 2-methylindole or skatole and CTAB,
MTAB, or LTAB. As the length of the alkyl chain decreases,
the numbers of the contacts less than 5 A decrease, as shown
in Figs. 1 and 3. This causes the increase in van der Waals
energy as the alkyl group is shorter, which is clearly shown
in Table 2. The van der Waals energy of each 2-methylindole
complex is lower than the corresponding one of the skatole
complex. This is the reason why the rates of volatilization of
skatole are significantly greater than the corresponding ones
of 2-methylindole, although the volatilization of skatole be-
gins at nearly the same temperature as that of 2-methylindole.

In summary, the complex formation of the perfume with
the surfactant decreases the volatilization rate of the perfume
and the rate can be controlled by the length of the alkyl group
of the surfactant.

One of the authors (N. I.) was given a chance to perform
this work at Tokyo Institute of Technology by Foundation
for In-Service Training and Welfare of The Private Schools
Personnel (Shigaku-Kenshu-Fukushi-Kai).
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